cleotide microarrays, allows researchers to establish organ-or pathology-specific transcriptional profiles. This may lead to the formation of a custom collection of genes, applicable to a specific pathology. These custom collections will allow high-throughput expression analyses of large quantities of samples. Therefore, besides a better understanding of pathological processes, these studies may eventually open the way to improved diagnosis and new treatment strategies for certain human diseases. Most of these methods have been applied to studies of human cancer. Cardiovascular diseases, which also represent a major cause of morbidity and mortality in industrialized countries, have been studied only to a limited extent by these methods. The main reason for this discrepancy is that it is relatively easy to obtain tumor material, whereas human cardiac tissue is, evidently, much harder to come by.
Heart failure is a complex clinical syndrome, which is defined as the development and progression of left ventricle (LV) remodeling (16) . It constitutes the endpoint of many different cardiac diseases and is therefore considered to be multifactorial. Two cardiac diseases that may eventually lead to heart failure are dilated (DCM) and ischemic (ICM) cardiomyopathy. Although, or, possibly, resulting from the fact that, clinical treatment for cardiac diseases has improved over the last few decades, heart failure morbidity and mortality have increased (14) . To obtain a better understanding of the factors involved in the development of heart failure, we need to improve our knowledge of the disturbed molecular pathways in cardiac pathology. The recently developed techniques, which enable the study of the cardiac transcriptome, may provide us with a tool toward this goal. Expression analyses will allow the identification of a molecular portrait of the human heart, which will indicate the transcriptional requirements for cardiac function. Thus far, studies toward this goal have been based solely on analyses of EST libraries (5, 21) . Recently, a report describing the application of SAGE for global expression analysis of mouse heart has been published (2) . In addition, largescale gene expression analyses have been used to detect aberrant expression in cardiac pathologies. The effect of ICM on gene expression levels has been studArticle published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
ied in mouse and rat models using cDNA microarrays containing up to 4,000 genes (29, 38, 40) . In humans, differential gene expression associated with heart failure has been studied both by using oligonucleotide microarrays (containing ϳ7,000 genes) (42, 47) , and by using cDNA microarrays (containing up to 10,000 genes) (3, 4, 22) . The first oligonucleotide microarray study analyzed tissue from a DCM-affected heart and an ICM-affected heart and identified those genes that showed differential expression in both cardiac pathologies compared with nonfailing hearts. The second oligonucleotide microarray study looked for differences between DCM-affected and nonfailing hearts. The studies using cDNA microarrays analyzed differential gene expression in hypertrophic or dilated hearts vs. nonfailing hearts.
Our goal was to comparatively analyze gene expression in failing and nonfailing human hearts using oligonucleotide microarrays (Affymetrix) containing ϳ12,000 human genes, representative of a substantial proportion of the human transcriptome. Expression profiles of well-defined cardiac tissues (failing/nonfailing, DCM/ICM, LV/RV) were compared to identify genes expressed at a similar level in all cardiac tissues analyzed and to identify genes differentially expressed between the same tissues. In this way we aimed to identify transcriptomal landmarks for normal and disturbed cardiac function.
MATERIALS AND METHODS
Human cardiac tissue. Left (LV) and right (RV) ventricle tissue was obtained from ICM-and DCM-affected explanted hearts from patients diagnosed with end-stage heart failure, who underwent a heart transplantation. Hearts that were used to obtain RV tissue were selected based on the following criteria: no RV dilation, normal RV ejection fraction, and normal pulmonary blood pressure. Nonfailing LV tissue was obtained from one cystic fibrosis (CF) patient (patient NF LV) who underwent a heart-lung transplantation. This patient did not show any sign of heart failure. Chest X-ray, ECG, and echocardiography revealed no cardiac abnormalities. Since both pathological and control hearts were obtained from patients who underwent a heart transplantation, the clinical settings (which may influence gene expression) were comparable for both situations. To determine whether patient NF LV represented a valid control for our study, 11 additional NF heart samples were obtained. These samples included LV from two CF patients who underwent a heart-lung transplantation (patients NF01 and NF05), two commercial RNA samples from human adult heart obtained from Stratagene (NF03 and NF04), and seven LV samples from general organ donors (NF02, NF06, NF07, NF08, NF09, NF10, and NF11) undergoing pulmonary and aortic valve transplantation surgery. Before explantation of the hearts, the patients did not receive any medication except for dobutamine, furosemide, and plasma expanders. The experimental protocol complied with the Declaration of the World Medical Association proclaimed in Helsinki and was approved by the Ethical Review Board of the Medical Faculty of the University of Szeged (No. 51-57/1997 OEj). See Tables 1 and 2 for patient characteristics.
Expression profiling. Total RNA was isolated separately from each cardiac tissue using TRIzol Reagent (Life Technologies). RNA was DNase treated, and quality was assessed by migration on a 1% agarose gel and RT-PCR using primers for ␤-actin. Absence of DNA contamination was verified by PCR D1  D2  I1  I2  I2  I3  I4  I5  D3  D4  NF   Age, yr  45  58  65  66  66  63  56  50  56  35  15  Sex  male  male  male  male  male  male  male  male  male  male  male  Pathology  DCM  DCM  ICM  ICM  ICM  ICM  ICM  ICM  DCM  DCM  CF  Tissue  LV  LV  LV  LV  RV  RV  RV  RV  RV  RV  LV  Ejection  fraction, %   23  13  23  21  21  22  24  18  21 using the same primers. Three pooled samples were prepared: DCM LV containing equal amounts of total RNA from LV from patients D1 and D2, ICM LV containing equal amounts of total RNA from LV from patients I1 and I2, and DCM/ICM RV containing equal amounts of total RNA from RV from patients D3, D4, I2, I3, I4, and I5. Nonfailing LV was obtained from patient NF LV (Table 1) . Target preparation, hybridization to the Affymetrix HG-U95A array, and detection was performed as previously described (11) . All hybridizations were performed in duplicate on the four samples described above, by dividing the prepared target over two arrays.
Data analysis: genes similarly expressed in the four cardiac samples. Analysis of Affymetrix microarrays was performed using the Affymetrix GeneChip software (version 3.3) as described previously (27) . Figure 1 displays the level of intraexperimental reproducibility for the four pairs of duplicate experiments. The determination of the transcriptional profile common for the 4 cardiac samples was performed as follows: the average difference (Avg Diff) values on all 8 arrays were normalized by setting the mean Avg Diff of each array at 5,000. All genes (probe sets) that had received an "absent" call for all 8 arrays and all genes with an average Avg Diff value of Ͻ500 (for the 8 hybridizations) were not taken into consideration for the transcriptional profile. The 2,031 remaining genes were submitted to 4 statistical tests of increasing stringency using SAS Software (Bonferroni, Newman-Keuls, Ryan-Einot-Gabriel-Welsch, least significant difference, ␣ ϭ 0.05) to filter out those genes with a similar expression level in all tissues analyzed, i.e., genes with a similar average Avg Diff value (for the 2 duplicate hybridizations) for the 4 tissue samples. Only those genes that passed at least three of the statistical tests were included in the human cardiac transcriptional profile, since their expression level did not seem to be dependent on the (pathological) origin of the tissue.
Data analysis: genes differentially expressed between the four cardiac samples. The identification of genes differentially expressed in the four cardiac samples (DCM LV, ICM LV, DCM/ICM RV, and NF LV) was performed in a fashion similar to that described previously (11) . Global scaling was performed to a constant value of 800, as recommended by the manufacturer. The following comparisons of data sets were performed, using the GeneChip software: DCM LV vs. NF LV, ICM LV vs. NF LV, DCM/ICM RV vs. NF LV, DCM LV vs. DCM/ICM RV, ICM LV vs. DCM/ICM RV, and DCM LV vs. ICM LV. Since all hybridizations had been performed in duplicate, we obtained four data sets four each of the six comparisons. Statistically significant differential genes were selected using the following procedure. Genes that had received an "absent" call for all eight chips were eliminated from further analysis. For the remaining genes (n ϭ 6,585) we transformed the "fold change" values into log 2(ratio) values (4 values for each comparison). On these values we performed significance analysis of microarrays (SAM) (44) . Using the "one class" option and setting the false discovery rate at 3%, we tested whether the mean of the four expression ratios within one comparison differed from zero. The genes that where then labeled as "significant" were further analyzed using Affymetrix criteria. We retained those genes that displayed a (marginal) increase or decrease and a fold change Ͼ2.0 or less than Ϫ2 [or log 2(ratio) Ͼ1.0 or less than Ϫ1.0] in all four data sets from one comparison. In addition, we retained those genes with a fold change Ͼ2.0 or less than Ϫ2 when in at least in one of the neighboring comparisons the "difference call" was consistently (marginal) increase or decrease for the four data sets. Neighboring comparisons are those in which the denominator is identical. Genes with a ratio between the duplicate normalized Avg Diff values Ͻ0.5 or Ͼ2.0 were not considered for differential analysis.
Real-time PCR. Ten genes (11 transcripts) were selected for quantitative analysis by real-time PCR using SYBR Green I dye (PE Biosystems). Genes and primers were: cytokine inducible nuclear protein (forward CTGTTTATTTAT-TTACTGCCACGCT, reverse CATTGTTTCCTTTCCTGTC-CCT), pyruvate dehydrogenase kinase isoform 4 (forward CTCCAAAACAAACGACAGCAA, reverse ACTCACTC-CCTTTCTTATTCTTATCAA), complement protein component C7 (forward ATGCTCGTCTCCAACTCCTGA, reverse TGACACATACTAAAACCCCAAAGAG), ␦ sleep inducing peptide (forward CCTTGTTCATCCCTCATCCAC, reverse ATGCCAAACCCACCATTCA), ANF (forward CATTTGTGT-CATCTTGTTGCCA, reverse GAGGCGAGGAAGTCAC-CATC), BNP (forward ACCGCAAAATGGTCCTCTACA, reverse TGTGGAATCAGAAGCAGGTGTC), AF1q (forward CCTACTCACTTTACAACTTTGCTCC, reverse TAGCTGAA-GAACTGTGCCCACT), SH3BGR (forward GTGAAGAC-CGTTTATGCATAC, reverse CACAGAGAACTTCCATGC-CTTG), FLRG (forward AGACCCAGACTCCAGCCAGAC, reverse TGTGGTTTACACGCAGGCAC), SLIMMER (forward GTCAAGAGTGAGCCACCCAGT, reverse ACAAGTCCTCT-CTCCACCCG), SLIM1/SLIMMER (forward GACAATCCTG-GCACGACTACTG, reverse GGCACAGTCGGGACAATACAC). hypoxanthine phosphoribosyltransferase (HPRT) was taken as internal standard. Two types of real-time PCR analyses were performed. First, we wanted to confirm the results obtained by microarray analysis. For this we used the same cardiac samples that had been analyzed by the arrays: DCM LV, ICM LV, DCM/ICM RV, and NF LV. Gene expression ratios were calculated for DCM LV vs. NF LV, ICM LV vs. NF LV, and DCM/ ICM RV vs. NF LV. The second type of real-time PCR analysis was performed to evaluate our choice of control tissue in the microarray experiments. We determined expression ratios of the above mentioned genes in 11 additional nonfailing hearts vs. NF LV. All PCR reactions were performed in two experiments, each containing duplicate reactions (n ϭ 4 for each expression value).
RESULTS
Human heart sampling and global view. Our goal was to compare gene expression profiles in human failing and nonfailing LV and RV, using Affymetrix HG-U95A arrays containing 12,626 probe sets. In duplicate experiments we determined expression profiles of LV from one CF patient (patient NF LV), of a pooled sample of LV from two DCM-affected failing hearts (DCM LV), of a pooled sample of LV from two ICMaffected failing hearts (ICM LV), and of a pooled sample of RV of two DCM-affected failing hearts and four ICM-affected failing hearts (DCM/ICM RV) (see Table  1 for details). Initial scaling and filtering of the 8 sets of rough expression values corresponding to the 4 specific cardiac physiopathological situations resulted in a list of 6,585 valid expression values. Pairwise comparisons between the different valid expression profiles were performed as follows: 1) failing heart vs. nonfailing heart, leading to the identification of genes potentially involved in the development of heart failure ( (Fig. 2 , A-C) and least differences are found between DCM LV and ICM LV (Fig. 2F ). This initial global presentation of gene expression variations between the four human heart samples was followed by a more stringent analysis to identify genes similarly expressed in all samples and genes differentially expressed between the samples. For this purpose we applied robust statistical analyses, Affymetrix criteria and significance analysis methods.
Genes similarly expressed in the four cardiac samples. We identified 1,306 probe sets (corresponding to 1,258 unique genes) that displayed similar (i.e., statistically non-different) Avg Diff values in all 4 samples analyzed. The similarity of the Avg Diff values of these probe sets indicated that the expression levels of the corresponding genes were not significantly influenced by pathology, age, or left vs. right ventricular origin. (Complete data are available on http://www.ifr26. nantes.inserm.fr/composantes/u533/people/ team1b/publi/affylogin.htm) Since the redundant genes were represented on the array by different probe sets, which, in some cases, performed differently, we did not exclude this redundancy (e.g., acid ceramidase, http://www.ifr26.nantes.inserm.fr/ composantes/u533/people/team1b/publi/affylogin. htm). This explains why some accession numbers appear twice in the profile on http://www.ifr26.nantes. inserm.fr/composantes/u533/people/team1b/publi/ affylogin.htm. The distribution of the level of expression of these 1,306 genes, which varied within 3 orders of magnitude, is shown in Fig. 3 . The vast majority of the genes were expressed at a low level, with only a few genes accounting for the major part of the total amount of RNA in ventricular cardiomyocytes. We divided our population of 1,306 cardiac expressed genes into three groups: 1) highly expressed genes, whose expression value (Avg Diff) exceeded 25,000. This group contained 40 genes (3.1%) ( Table 3) ; 2) moderately expressed genes, with an expression value between 5,000 and 25,000, accounting for 213 genes (16.3%); 3) weakly expressed genes, with an expression value below 5,000, accounting for 1,053 genes (80.6%). All genes belonging to these three groups are listed on http://www.ifr26. nantes.inserm.fr/composantes/u533/people/ team1b/publi/affylogin.htm. Based on the literature (1, 21) and on gene function descriptions on http:// bioinformatics.weizmann.ac.il/cards/ (GeneCards), we assigned the 1,306 expressed genes to 6 main functional categories; gene/protein expression, metabolism, cell structure/motility, cell signaling/communication, cell/ organism defense, and cell division. Of almost half of the genes the function description was either absent or to vague for them to be assigned to one of the functional categories. More than one-third of the classified genes are involved in gene and protein expression. The next largest functional category was that of metabolism, containing one-fifth of the genes, followed by cell signaling and communication and cell structure and motility. Only a few genes are involved in cell division, and these concern only those weakly or moderately expressed. The highly expressed genes (Table 3 ) contained several typical cardiac genes, like ␣-cardiac actin, ventricular myosin alkali light chain, and phospholamban. Most of the ribosomal proteins were moderately expressed, whereas transcription factors were mostly weakly expressed. Figure 4 shows the distribution of the genes over the functional categories in the three groups of genes at different level of expression. This distribution differed between the highly and the weakly expressed genes. Genes involved in metabolism were more strongly represented among the highly expressed genes (Table 3) . Furthermore, this group contained relatively more genes involved in cell structure and motility and fewer genes involved in cell signaling and communication.
Genes differentially expressed between the four cardiac samples. The sequential application of SAM analysis and Affymetrix criteria to the expression ratios obtained from the comparisons among the four specific cardiac pathophysiological situations led to a stringent, statistically valid selection of subsets of differentially expressed genes. We identified 95 genes differentially expressed in failing vs. nonfailing heart (Tables 4-6), 20 genes differentially expressed between failing LV and failing RV (Table 7) , and 0 genes differentially expressed between DCM LV and ICM LV. The subsets of differentially expressed genes were composed as follows.
Differential genes between failing heart and nonfailing heart. In Tables 4-6 we grouped together genes showing differential expression in either all three (group A, Table 4 ), or in two of three (group B, Table 5 ), or in only one (group C, Table 6 ) of the failing heart samples compared with NF LV. Some genes that did not show consistent differential expression in all four comparisons according to the Affymetrix criteria, but that were significantly differential according to SAM and had a log 2 (ratio) Ͼ1.0 or less than Ϫ1.0, were Expression is given as a percentage of the cumulative expression of the 1,306 genes present in the transcriptional profile. U, unclassified; CS/M, cell structure and motility; M, metabolism; G/PE, gene and protein expression; C/OD, cell and organism defense; and CS/C, cell signaling and communication.
considered as being differentially expressed. For example, cyclin-dependent kinase inhibitor 1A (CDKN1A), showed an average log 2 (ratio) of 4.49, 4.46, and 3.82 in DCM-affected LV, ICM-affected LV, and DCM/ICMaffected RV, respectively. Even though CDKN1A did not show consistent increased expression in DCM-affected LV according to the Affymetrix criteria, we did classify this gene as belonging to group A. This approach was only used for those genes that did pass all criteria in at least one of the samples tested. In addition to a classification according to the main functional categories, we attempted to assign the differential genes to the different molecular circuits known to be affected in heart failure. We identified 24 genes (group A) showing increased expression in all failing heart samples. In this group we identified eight genes involved in signaling pathways. Among those were the natriuretic factors ANF and BNP, which are involved in vascular homeostasis. Seven genes in this group are involved in biomechanical functions. These genes encode proteins that are components of the sarcomere (e.g., embryonic myosin alkaline light chain), the cytoskeleton (e.g., ␣-actinin), or the extracellular matrix (e.g., versican). Furthermore, several genes implicated in energy metabolism, oxidative stress, and inflammation showed increased expression in failing LV and RV. In addition, we identified a gene with unknown function in this group (AF1q). Group A did not contain any downregulated genes, since they failed to pass the SAM analysis for all three failing heart samples.
The next group of differentially expressed genes, belonging to group B, concerns those whose expression changed in the LV of DCM-and ICM-affected hearts but not in the RV. Therefore, the expression of these genes changed only in the part of the heart that is affected the most by the disease. This group, consisting of 19 upregulated genes, also contained a substantial amount of genes (a total of 6) involved in biomechanical functions. Most interesting were those genes whose log 2 (ratio) was close to 0 in the failing RV sample and Ͼ1.0 in the failing LV samples [e.g., transglutaminase (TGase) and ␣-tubulin isotype H2-␣]. It should be noted that for some of the genes the log 2 (ratio) value is not listed because the ratio between the Avg Diff values of the two duplicate hybridizations were outside of the range 0.5-2.0, and results were therefore considered to be unreliable [Tables 5-7 ; not reliable (NR)]. The classification of those genes in this group should therefore be regarded as ambiguous. Only 5 genes were upregulated in DCM-affected LV and DCM/ICM-affected RV only, whereas 20 genes were differentially expressed in ICM-affected LV and DCM/ICM-affected RV only. A logical explanation for genes assigned to this last group could be that they are differentially expressed in ICMaffected hearts in general, and since the DCM/ICMaffected RV pool consisted mainly of tissue from ICMaffected hearts the same genes would be found to be differentially expressed. However, several genes were upregulated to a higher extent in the RV sample than in the ICM-affected LV sample (e.g., nidogen and TP53BP2) and might therefore represent RV-related events.
We found 27 genes to be differentially expressed in only 1 of the 3 failing heart samples analyzed (group C). Two of these were found only in DCM-affected LV (heat shock 70-kDa protein 5 and cytokine inducible nuclear protein). Seventeen genes were deregulated only in ICM LV, with 13 genes up-and 4 genes downregulated. Three of the upregulated genes are involved in signaling pathways: Ras-like protein Tc21, cAMPresponsive element modulator (CREM), and A kinase anchor protein 2 (AKAP2). One of the genes displaying a clear ICM-specific upregulation was pyruvate dehydrogenase kinase isoform 4, a gene involved in glucose metabolism. Of the eight genes differentially expressed specifically in failing RV, two genes were downregulated and six genes were upregulated. The two downregulated genes could be reduced to one nonredundant Fig. 4 . Distribution of the 6 main functional categories among the weakly, the moderately, and the highly expressed genes.
gene, since both probe sets represented the 18S rRNA gene.
Differential genes between failing LV and failing RV. We found relatively fewer genes (20 in total, Table 7 ) differentially expressed between failing LV and RV than between failing and nonfailing heart. We divided the 20 differential genes into two major groups: group A, containing all genes differentially expressed in DCM LV vs. DCM/ICM RV and in ICM LV vs. DCM/ICM RV; and group B, containing genes differentially expressed in one of both comparisons. Six genes were upregulated and five genes were downregulated in both DCM LV and ICM LV. These expression changes may reflect a general, nonpathological, difference between LV and RV, but they may also represent a difference in the pathological state of the tissues (in failing hearts, LV function is generally more compromised than RV function). One example is cardiac ␣-myosin heavy chain (␣MHC), a gene that we classified into group A. It has already been reported that ␣MHC expression does not differ between nonfailing LV and RV (28) and that expression decreases in failing hearts (8, 28, 31) (Table  5 , this paper). Therefore, a higher expression in DCM and in ICM LV compared with DCM/ICM RV, as we found in our study, implicates that ␣MHC expression is more strongly affected in failing RV than in failing LV. Group B consisted of two genes downregulated in DCM LV and seven genes deregulated in ICM LV. A large difference between DCM and ICM LV was noted for c-fos, which showed a log 2 (ratio) of Ϫ0.08 for DCM LV vs. DCM/ICM RV and a log 2 (ratio) of Ϫ1.48 for ICM LV vs. DCM/ICM RV. (Table 4) are significantly upregulated], and down arrows (2) indicate significantly downregulated genes; ratio values with no arrows were not significantly different. Genes that have been assigned a "ϩ" in the "SAM" column, have passed the SAM analysis ('significance analysis of microarrays') for significant differential expression. Genes that have been assigned a "ϩ" in the "Affy" column, have passed the Affymetrix criteria for differential expression, as explained in MATERIALS AND METHODS. For log2(ratio) values denoted by "NR" (not reliable) no value is given because the ratio between the duplicate average difference (Avg Diff) values was outside of the range 0.5-2.0. See Tables 5 and 6 for group B (genes differential in 2 faling heart samples) and group C (genes differential in 1 failing heart sample), respectively. Functional categories are as listed in Table 3 . Cytosk, cytoskeleton; EM, extracellular matrix.
Confirmation of microarray results.
To confirm the validity of our results obtained with the oligonucleotide microarrays, we performed quantitative real-time PCR on 10 genes selected from Tables 4-6: cytokine inducible nuclear protein, pyruvate dehydrogenase kinase isoform 4, complement protein component C7, ␦ sleep inducing peptide, ANF, BNP, AF1q, FLRG, SH3BGR, and SLIMMER (Fig. 5) . For these genes, the expression Table 4 . Functional categories are as listed in Table 3 . Up arrows (1) indicate significantly upregulated genes, and down arrows (2) indicate significantly downregulated genes; ratio values with no arrows were not significantly different. ratios of failing vs. nonfailing heart determined by PCR were compared with the array data in Tables 4-6 . Overall, although the expression ratios were not identical, the up-or downregulation of the 10 genes as determined by microarray analysis was comparable to that determined by real-time PCR. For two genes (pyruvate dehydrogenase kinase isoform 4 in DCM LV and ␦ sleep inducing peptide in DCM/ICM RV) an upregulation was found using microarrays, whereas real-time PCR showed a downregulation. However, in both cases no significant differential expression was detected by our microarray analysis because of failure to pass Affymetrix and SAM criteria. Since SLIMMER is an isoform of the skeletal muscle LIM protein 1 (SLIM1) (9), we designed two pairs of primers; one pair specific for SLIMMER, and one pair from the sequence common to both isoforms. Both pairs identified an upregulation of mRNA in failing ventricle. However, the absolute levels of expression of SLIMMER as determined by microarray (high) and real-time PCR (low, data not shown) made us believe that the SLIMMER probe sets on the array also hybridized with SLIM1 mRNA. Indeed, when we checked the exact sequence of the SLIMMER probe set on http://www.netaffx.com, we found that the sequence was in the region common to SLIM1 and SLIMMER.
Evaluation of the control tissue. To determine whether NF LV represented a valid control for our microarray study, we measured expression ratios of 10 genes (the same as described above) in 11 additional nonfailing heart samples (NF01-NF11, Table 2 ) vs. NF LV using real-time PCR. All nonfailing heart samples were obtained from individuals without cardiac disease. Two samples were from CF patients, two samples were obtained as commercially available RNA (Stratagene), and seven samples came from individuals who had died from accidents or cerebrovascular accidents. Ages varied from 18 years to 72 yr, and the series Group C: genes differential in 1 failing heart sample. For details, see legend to Table 4 . Functional categories are as listed in Table 3 . Up arrows (1) indicate significantly upregulated genes, and down arrows (2) indicate signifcantly downregulated genes; ratio values with no arrows were not significantly different.
included both female (n ϭ 2) and male (n ϭ 9) patients. Figure 6 shows that for 6 of the 10 genes (cytokine inducible nuclear protein, pyruvate dehydrogenase kinase isoform 4, complement protein component C7, SH3BGR, FLRG, and ANF) the expression value of NF LV remained within the variation of the 11 individual expression values of NF01-NF11 (complete data available on http://www.ifr26.nantes.inserm.fr/ composantes/u533/people/team1b/publi/affylogin. htm). NF LV clearly showed a lower expression of SLIM1/SLIMMER and of the heart failure marker BNP.
DISCUSSION
Tissue sampling. Our goal was to obtain and compare global images of transcription profiles of four well defined pathophysiological situations in human heart. We believed that this would allow an initial selection of genes of interest and could serve as a basis for follow-up studies of large series of individual patients. For this reason we decided to use pooled samples. The reason for the small sizes of the pools was that we included only those patients with similar clinical characteristics and with a phenotype that could be considered as "representative" for the disease, to exclude any excessive biological heterogeneity. A similar approach was recently used by Hwang et al. (22) in an analysis of gene expression profiles of dilated and hypertrophic failing hearts. For the nonfailing sample we chose LV from an explanted heart of a CF patient, for different reasons. The most evident reason is that this patient had been followed closely by clinicians and did not show any sign of heart failure. Although RV dysfunction has been found in adult patients with severe CF, LV abnormalities have not (or very rarely) been associated with this disease (15) . Another advantage of our approach was that both types of tissue, failing and nonfailing heart, were obtained under similar clinical circumstances; both types of hearts came from patients who were undergoing heart transplantation. A disadvantage of our approach is that heart/lung transplantation in CF patients is usually performed at a relatively young age compared with heart transplantation in heart failure patients. Therefore there was a substantial age difference between the failing and nonfailing hearts. We cannot exclude that the CF phenotype was responsible for some of the expression changes we observed. Aging is known to be associated with a number of characteristic morphological and functional changes (reviewed in Ref. 36 ) that are similar to those seen in failing hearts (fibrosis, loss of myocytes, changes in mitochondrial oxidative metabolism). Therefore, the expression changes we identified in failing heart vs. nonfailing heart comparisons should be regarded as an overestimation for genes involved in those functions. For other functions, however, aging effects have not been proven in human cardiac tissue. Table 4 . Functional categories are as listed in Table 3 . Up arrows (1) indicate significantly upregulated genes, and arrows (2) indicate significantly downregulated genes; ratio values with no arrows were not significantly different.
For example, although it has been suggested, based on animal studies, that apoptosis would be responsible for myocyte loss in aging human hearts, it has now been shown that aging does not influence the percentage of myocyte apoptosis (30) in human cardiac tissue. The same study did show a correlation between gender and apoptosis, but this fact does not affect our study since all samples came from male patients. More generally, we believe that "normal nonfailing" hearts are impossible to obtain. Other researchers have used tissue from donor hearts that could not be transplanted (22, 47) . These donor hearts came from individuals that had been declared brain dead. This circumstance in itself or the events leading up to it also might influence gene expression. To address this issue more directly, we compared expression levels of 10 genes in 11 nonfailing hearts to the expression level in our control NF LV. One striking result was that among these nonfailing hearts NF LV displayed the lowest level of BNP expression. BNP is a known marker of heart failure (25) , with increasing plasma levels corresponding to the severity of the disease. The lowest expression of BNP in NF LV underlines the "normal aspect" of this heart. Induction of BNP mRNA expression has been shown to occur as rapidly as 4 h after cardiac injury in rats (17) . The extremely high expression of BNP in some of the nonfailing heart samples might reflect a deterioration of the hemodynamic status of brain-dead patients occurring shortly before explantation of the heart. The second gene that showed discordance of expression levels in NF LV vs. the additional nonfailing hearts was SLIM1. We found an upregulation of the isoform SLIMMER in failing hearts vs. NF LV using microarrays and an upregulation of both SLIM1 and SLIMMER using real-time PCR. Yang et al. (47) found a downregulation of SLIM1 in failing hearts, whereas Lim et al. (26) found an upregulation of both isoforms in hypertrophied hearts. These different findings may reflect different pathologies, but they may also be the result of the heterogeneity of SLIM1 expression levels in nonfailing hearts. Since for most of the genes tested the expression value of NF LV remained within the gene expression variation of 11 additional nonfailing hearts and since NF LV displayed the lowest level of expression of BNP, we believe that our choice of control tissue is validated. However, we want Fig. 5 . Expression ratios (displayed in log2) of 10 genes as determined by microarray analysis and by real-time PCR. All tissues were compared with NF LV. * Genes that were determined to be significantly differential by our microarray analysis.
to stress that as long as different studies are based on different control samples, different results may be obtained.
Genes similarly expressed in the four cardiac samples. We have identified 1,306 genes that are significantly representative of a part of the transcriptional profile of the human heart, based on similar expression levels in all 4 pathophysiological situations. This profile therefore does not contain genes whose expression changes in failing hearts. To obtain a more complete profile, "truly normal" cardiac tissue should be analyzed. In the future maybe this could be obtained from cardiac biopsies, although biopsies are generally performed on patients with cardiac problems. Currently the sensitivity of microarrays is insufficient to analyze the minuscule quantities of cardiac biopsies. Another possibility would be to analyze explanted hearts from nonfailing hearts from individuals with different clinical backgrounds and to identify those genes with similar expression levels in all individuals.
It is generally believed that the expression profile characteristic for a certain tissue consists of few genes that are expressed at a high level (Table 3) . Several of those genes, identified in this study, are known to be preferentially expressed in heart and/or skeletal muscle and therefore do not represent housekeeping but cardiac-specific genes. The high level of expression of certain genes involved in metabolism and the large representation of metabolic genes in our total cardiac gene population correlated well with the energy demanding function of the heart. The large group of genes involved in gene and protein expression consisted mainly of ribosomal protein encoding genes. This is most likely related to the high demand in metabolic and sarcomeric proteins. Overall, the distribution of our population of cardiac genes over the different functional categories corresponded well with the literature.
The strongest represented categories (gene and protein expression, metabolism, and cell signaling and communication) were the same, albeit in a different order, as had been found by Yang et al. (47) . This group studied gene expression in failing and nonfailing human LV using oligonucleotide microarrays containing ϳ7,000 genes, and they listed the expression of 473 genes in nonfailing hearts. The in silico analyses of human cardiac cDNA libraries (20, 21) identified more genes involved in cell structure and motility and less in cell signaling and communication. It is possible that this difference is related to the fact that the cDNA libraries had mainly been prepared from whole heart and not just from ventricle, thereby masking cardiac compartment-specific gene expression. The in silico analyses represented the first studies aimed at the description of a catalog of human cardiac genes (5, 21) . We present here the first selection of genes representative of part of the human cardiac transcriptome using oligonucleotide microarrays. Currently, transcriptional profiles have also been assessed for human brain (35) and skeletal muscle (6, 7, 34) . In the future, similar data will become available for additional normal human tissues. The comparison of the profiles will serve as a guide in the understanding of the functioning of the human body and in the identification of genes that play key roles in the determination of function.
Differential gene expression. In the development of heart failure, several molecular circuits have been shown to be involved (12, 19, 23) . Factors implicated in the process of cardiac remodeling include the extracellular matrix, oxidative stress, metabolism, calcium signaling, apoptosis, the cytoskeleton, and the sarcomere. Although our approach was limited in the detection of genes involved in heart failure, we did identify genes associated with each of these factors as being differentially expressed in failing heart vs. nonfailing heart. The downstream structural phase of the remodeling process was represented by changes in expression of genes encoding cytoskeletal proteins, sarcomeric proteins, and extracellular matrix proteins. These changes are responsible for progressive cytoskeletal stiffness, contractile dysfunction, and fibrosis. Some of these changes had already been described, like the downregulation of ␣MHC in failing LV and RV (8, 28, 31) and the upregulation of ␣-tubulin in failing LV (18) . We also found additional evidence for a reversal to developmental gene expression, a phenomenon known to occur in cardiac remodeling and heart failure. This evidence consisted of an upregulation of MLC1emb, calponin, and SM22. Some expression changes were indicative of a dedifferentiation process, like the upregulation of other smooth muscle genes (smooth muscle myosin heavy chain and smooth muscle ␣-actin). Taken together with the data from the literature, our results therefore reinforce the hypothesis that cardiac remodeling involves many structural changes of cardiac tissue.
Structural ventricular remodeling most likely represents the final stage of heart failure. The pathways leading up to this may include disturbed signaling, resulting, for example, in increased apoptosis (33) . In our study several apoptosis-related genes were identified as being differentially expressed in failing LV and/or RV, with the one showing the most marked activation being CDKN1A. Apoptosis may be caused by increased oxidative stress (10), a process that marks the transition of hypertrophy to heart failure (39). Stress-inducible metallothionein, which we found to be upregulated in failing LV and RV, is involved in both these processes. This protein functions as an antioxidant, and, in addition, inhibits the production of ANF and its apoptotic effect (24) . It has been described that administration of isoproterenol, a ␤-receptor agonist, induces cardiac metallothionein levels (32) . None of our patients received isoproterenol, and we found no association between administration of other ␤-receptor agonists (dobutamine, epinephrine) and levels of metallothionein RNA upregulation. Therefore, in our patients the increase of metallothionein is not related to medication.
In addition to genes that are assigned to certain pathways, we also detected aberrant expression of genes of which it is not known in which molecular circuit they are involved. Examples are AF1q, a transmembrane protein (43) also overexpressed in muscle tissue affected by ␣-sarcoglycan deficiency (11) , and SH3BGR, which is preferentially expressed in skeletal muscle and heart (37) and maps to the Down syndrome heart critical region (13) .
Relatively few genes (20) were differentially expressed between failing LV and failing RV. Two conclusions could be drawn from these results: 1) LV and RV display similar expression profiles; and 2) LV and RV are similarly affected by heart failure. Genes belonging to the functional category of cell and organism defense (C/OD) were found only to be lower expressed in failing RV vs. failing LV. Most likely this implies that those genes (heat shock protein B3, stromal cellderived factor 1, and ␤2-microglobulin) are more severely upregulated by heart failure in LV than in RV. The gene that showed the most marked expression difference between failing LV and RV was profilin, which displayed a more than fourfold lower expression in failing RV compared with failing LV. Profilin is an actin-binding protein that has been implicated in the control of actin polymerization and cytoskeletal reorganization (41, 45, 46) . However, questions remain about the exact in vivo function of the protein. Our findings about differential expression of profilin in failing LV and failing RV may lead to novel hypotheses.
Direct comparison of DCM LV and ICM LV showed that, after application of SAM and Affymetrix criteria, no genes were significantly differentially expressed between dilated and ischemic failing hearts. This result underlined the fact that all analyzed tissue came from end-stage failing hearts. The expression profiles that we determined were probably more representative of end-stage heart failure than of DCM or ICM specifically.
Although the analysis of gene expression using (nucleotide) microarrays is a powerful technique, it does have its limitations. Obviously, not all genes are represented (yet) on the array, and therefore, the knowledge that can be acquired from these experiments remains incomplete. In addition, the outcome of microarray analysis is sensitive to the design of the probes on the array. This point was highlighted in our results by the difficulty of discriminating the alternatively spliced isoforms SLIM and SLIMMER. However, with our study we succeeded to add to the clarification of the cardiac transcriptome in different situations. Part of our data had already been described by others and therefore functioned as a confirmation of those findings and a validation of our method. In addition, we presented novel information resulting in an expanded view of human cardiac gene expression. Taken together, our results provide another step forward on the pathway toward improved understanding and treatment of cardiac pathologies.
